The response of the stratospheric equatorial waves to thermal forcing is theoretically discussed, taking into account various factors such as the meridional distribution of heating and the vertical shear of the mean zonal wind. First we discuss analytically these effects based on normal mode models and then we treat a realistic three-dimensional model by numerical method.
Introduction
Since the theoretical studies on the nature of equatorial waves by Rosenthal (1965) and Matsuno (1966) , it has been known that there are Rossby type waves, gravity type waves and hybrid modes (eastward-moving Kelvin wave and westward-moving mixed Rossby-gravity wave) as equatorial normal modes. Extension of the equatorial wave theory was made by Lindzen (1967) to the three-dimensional structure and vertical propagatability by considering the vertical structure equation.
Meanwhile many observational studies of the stratospheric wave disturbances showed that among these possible waves only wave modes with particular wavenumbers and frequencies are * Present affiliation: Department of Earth Sciences, Faculty of Education Wakayama University, Wakayama found in the actual atmosphere. Mixed Rossbygravity waves of wavenumbers 3-4 (s=3-4) and periods 4-5 days (T=4-5 days) were discovered by Yanai and Maruyama (1966) and Maruyama (1967) , and Kelvin waves of s=1-2, T= 8-20 days by Wallace and Kousky (1968) . Recently the existence of n=1 Rossby waves with s=1-2, T=7-10 days was reported by Odo (1976) . From the analyses of general circulation model products by Hayashi (1974) and Tsay (1974) , similar predominance of wavenumber and period is found.
Then a question arises as to what causes such selectivity for wavenumbers and periods. The vertical structure of the predominant waves may be one of the important aspects by which we can gain an insight into the origin of the waves; westward-moving mixed Rossby-gravity waves tilt westward with increasing height and eastwardmoving Kelvin waves tilt eastward in the upper troposphere and in the stratosphere. Lindzen and Matsuno (1968) showed that the downward phase propagation implies an upward propagation of wave energy, so that these waves are not generated in the stratosphere but in the troposphere, and propagate into the stratosphere. Therefore, there can be two standpoints to explain the dominant waves in the stratosphere. One is to explain them as the result of selectivity in wave generation in the troposphere and the other is as the result of selectivity in the course of wave propagation. The wavenumbers and periods of the dominant waves in the stratosphere are also found in the tropospheric waves, although it seems that the most dominant wavenumbers in the tropospheric mixed Rossby-gravity waves are 4-5 with slight difference from those in the stratospheric ones (3-4) (e.g., Nitta, 1972) . Thus, it seems more reasonable to consider the predominance of the equatorial waves in the stratosphere as the result of the selectivity in wave generation.
There have been three approaches to explain the excitation and selection of these waves. The first approach is a theory of resonance to midlatitude forcing. According to Mak (1969) and Lamb (1973) , the tropical atmosphere has a resonant periods of 4-5 days and a resonant wavenumber 4 to mid-latitude forcing. However, Hayashi (1976) showed that the latitudinal structure of the dominant waves much differs from observations. It is also questionable whether a vertical wavelength of mid-latitude forcing can be given arbitrarity.
The second approach is based on the so-called wave-CISK theory which deals with the instability property of waves by cumulus heating organized by waves themselves. Hayashi (1970) showed that both mixed Rossby-gravity wave with s=4, T=4 days and Kelvin wave with s=1, T=15 days become unstable and that the vertical structure of unstable waves coincides well with that of the observed waves. However, the modes with maximum growth rate are gravity waves of large wavenumbers with high frequencies, and mixed Rossby-gravity waves and Kelvin waves are not most unstable at their observed wavenumbers. Recently Kuo (1975) re-examined the wave-CISK theory by considering the moisture supply efficiency depending on wave frequency. According to his results, gravity wave modes are no longer unstable and the most unstable waves appear at wavenumber 4 for both mixed Rossbygravity wave and Kelvin wave with periods of 5 and 6 days, respectively.
The third approach to account for the wave generation is to investigate the response of the tropical atmosphere to thermal forcing due to cumulus convection. Holton (1972) studied the selectivity of antisymmetric mode, assuming a 5-day standing oscillation of heating over the ITCZ. According to his model with an easterly shear flow, westward-moving mixed Rossbygravity waves with s=3-4 are selected in the stratosphere. Holton (1973) also found that, for white noise symmetric heating, Kelvin waves with s=1, T=10-20 days and with s=2, T=5-10 days have a maximum response. However, as both the wave selection in the course of the wave propagation in a shear flow and the response characteristics to forcing are included simultaneously, each property cannot be understood clearly. Very recently, Hayashi (1976) studied the resonance of equatorial waves to a thermal forcing based on the idea of the selectivity for wave generation. He showed that a "non-singular resonance" occurs under the radiation condition when the vertical scale of a wave (half vertical wavelength) in a free isothermal atmosphere coincides with that of thermal forcing. But he concluded that it is difficult to interpret the observed Yanai-Maruyama waves as resonant waves. The reasons are that 1) the vertical wavelength is longer, so the resonant period is shorter than the observed ones; 2) the heating is nearly in quadrature with the vertical motion contrary to the observed in-phase relation; 3) maximum response of mixed Rossby-gravity wave appears at large wavenumbers. The items 1) and 2) are also the case in the resonant Kelvin waves.
The main object of the present paper is, despite of Hayashi's results, to re-examine possibility of the equatorial wave excitation due to thermal effect. Special emphasis will be put on the following effects which were not taken by Hayashi; 1) the vertical profile of thermal forcing, 2) the meridional distribution of thermal forcing and 3) the vertical shear of the mean zonal wind. We shall first study the response properties by the normal mode models in Section 2 and then advance to the realistic three-dimensional model in Section 3.
2. Normal mode models 2-1. Basic equations and solutions The linearized equations of zonal momentum, meridional momentum, hydrostatics, continuity and thermodynamics without basic flow on equa- where the vertical coordinate is logarithmic pressure (z*-H ln P/P0). Symbols are defined in an appendix. We shall separate the time and space variables by assuming the following form as solutions:
Eq. (15) is only approximate (see Holton, 1975) . Eq. (16) is the radiation condition applied at the level above which the static stability S is constant and Q(z)=0.
As the resonant waves for external free oscillation and the other external waves are not dominant in the stratosphere over the equator, we take only the case of Re(*2)>0 where Re represents real part of the quantity in the parenthesis. Thus, in the case of eastwardmoving waves Re(*)<0 is adopted; westwardmoving waves Re(*)>0.
Here we consider forced wave only, so that the solutions are obtained in the following way: First, from the horizontal structure equation we get the eigenvalue h and the eigensolutions u, v, * for given values of * and k. Next, we obtain the solutions w of the vertical structure equation corresponding to the eigenvalue h, and then, by substituting *, k, h, u, v, *, w into Eqs. (6)- (10), we have a complete set of solutions.
The eigenvalues and eigensolutions have been derived by Matsuno (1966) , Lindzen (1967) , Lindzen and Matsuno (1968) and Holton and Lindzen (1968) . The eigenvalues of the equatorial normal modes are given by where *=*-iD.
If we assume a constant basic flow, u, the following treatments will be made similarly by replacing * by *+ku-iD.
By substitution of (6)- (11) into (1)- (5) and after manupulation we get the horizontal structure equation (12) It is seen from Eqs. (6)- (11) that the smaller * is, the larger u', v', *' and T' are (except w') if. *D and other things are unchanged. Therefore, waves of the longest period are selected for fixed values of h and Q. In this sense we can expect that the dominant waves are wavenumber 1 for Kelvin waves and n=1 Rossby waves and large wavenumbers for mixed Rossby-gravity waves. Also we can anticipate that gravity waves are not dominant since their periods are too short.
Regarding the thermal forcing, we assume
The solution (30) and (31) is identical to that by Hayashi (1976) . When *=M, i.e., when the socalled non-singular resonance discussed by Hayashi (1976) occurs, we have Note that a factor erz is included in the expression of our heat source and hence the maximum of heating is situated at various levels by the variation of *. Hereafter we take zt=14 km except subsection 2-2 and *=0 except subsection 2-3.
If we assume an isothermal atmosphere, the solution of Eq. (13) is obtained, in a similar manner to Lindzen's one (1974) , as follows:
Hereafter we discuss the selectivity of the wave perturbation in terms of u' for Kelvin waves and n=1 Rossby waves and in terms of v' for mixed Rossby-gravity waves over the equator.
2-2. Dependency on the vertical scale of heating
Hayashi (1976) showed that the maximum re-Journal of the Meteorological Society of Japan Vol. 55, No. 3 sponse occurs at *M taking a particular value (=10km) as zt. For Kelvin waves, using u-1 (0)=1, where a factor ez/2H is omitted (hereafter in the same manner in Section 2). For mixed Rossbygravity waves, using v0(0)=1, Since for waves of our interest * and M*1/2H, in the right hand side of (34) and (35), * and M appear mainly in the form of */M. Therefore, we can say that the Hayashi's argument remains correct even if the vertical scale of heating (zt) is changed.
The phase difference * between Q' and w' at the level where Q(z) is maximum (hereafter referred to as zmax) is obtained by using (27) and (30) as following, Thus, when *M, the phase relationship between Q' and w' becomes in quadrature in the troposphere in agreement with the Hayashi's conclusion.
2-3. Dependency on the vertical * distribution of heating In this subsection how the wave properties vary with zmax is discussed. As seen in Eq. (27), the variation of zmax is determined by that of * . We assume an isothermal atmosphere and D=0. Heating amplitude is normalized in such a way constants (Regarding the normalization factors, see 2-5). Fig. 1 shows amplitude and phase difference between Q' and w' at zmax for mixed Rossby-gravity waves of wavenumber 4 obtained from Eqs. (28), (29) and (6). The greatest peak of v' exists at *M (corresponding to vertical wavelength of 28km) similar to the case of z max=Zt/2 (*=0), with nearly in quadrature phase relation between Q' and w'. When zmax becomes greater than zt/2, the second peak appears at *2M (corresponding to vertical wavelength of 14km). This may be interpreted as the effect of bi-mode of the forcing.
Since zmax*zt/2 in the actual atmosphere as shown by Reed and Recker (1971) and others, it may not be adequate to assume the vertical distribution of forcing arbitrarily. Anyway the phase relation of the waves with maximum amplitude is not so sensitive to vertical profile of forcing.
2-4. Effect of the variation of static stability
(model S) In the results obtained in the previous subsections the resonant vertical wavelength was considerably longer, so that the resonant periods were shorter than the observed ones. This is mainly due to the crude assumption of an isothermal atmosphere. If we assume a smaller value as the static stability in the troposphere, we find from Eq., (17) that the resonant equivalent depth becomes small because the resonant vertical wavelength in the troposphere must be the same. Therefore, the resonant periods become longer as seen from the dispersion relation (18), (19) and (20), and the vertical wavelength in the stratosphere tends to be shorter owing to the larger stability there.
In order to estimate this effect quantitatively, we derive the vertical structure equation for a two-layer model. Assuming that the stratosphere is isothermal and that the stability in the troposphere is S1, we obtain where The solution of these equations is When Fig. 2 shows the amplitude (middle) and phase (lower) of mixed Rossby-gravity waves (s=4) when *1= 0.5*2 (the static stability in the troposphere is about a quarter of that in the stratosphere), and the projection coefficient* of forcing (upper) as function of vertical wavelength.
* Fourier expansion of the forcing defined in (27) on vertical wavelength. The projection coefficient of vertical wavenumber * is Q0 sin*zt/[*{1- Results for the isothermal atmosphere are also inserted by dashed lines. The vertical wavelength of the resonant wave in the stratosphere is reduced to a half of that in the troposphere and the period becomes longer compared with the case of the isothermal atmosphere. As *h=Q*/g (*22+1/4H2), w-amplitude becomes larger on the whole, owing to the increase of *2, and wind amplitudes also become larger because u' v' * (h/*) (i*2-1/2H)w.
However, the imaginary part of the denominator in (41) and (42) i.e., * 2sin*1zt, dominates unless sin*1zt is near zero (if the vertical wavenumber *1 is not nearly equal to M, 2M, ---), so it makes the amplitude relatively small. Ultimately the variation of the static stability has an effect to intensify the so-called non-singular resonance and to make the peak sharper with respect to vertical wavelength. This is because the partical reflection of the wave with non-singular resonance takes place by the presence of the discontinuity of the static stability and consequently (weak) resonance in ordinary sense is realized. The phase relationship between Q' and *' shows a tendency to have a discontinuous change at the resonance wavelength, and is as a matter of course. These effects may be retained when the stability varies continuously.
We can also find from this figure that the wave amplitude is closely related to the projection coefficient of forcing, especially in the isothermal model. Thus the fact that the vertical wavelength of maximum amplitude increases with z max as shown in Fig. 1 , is explained as the result of shift of the wavelength of maximum projection coefficient.
2-5. Influence of the meridional distribution of thermal forcing Although we have hitherto assumed that the meridional distribution of Q' coincides with the eigenfunction of *', the real distribution of heating is independent of wave modes and has its maximum in the region of the ITCZ. This fact may be related to the sea surface temperature which is primarily independent of the atmospheric wave motion. Therefore, it will be reasonable for us to investigate the response of waves to the forcing which has the maximum amplitude at the ITCZ.
We give the distribution of forcing by A is a constant whose dimension is length/time.
In the present study we define symmetric and antisymmetric modes not with v' but with u' or * ' . Note that q(y) takes a maximum at y=*y0.
We take Q(z) = Q0sin(*/zt)Z, Q0A/Cp=3*K/day and y0=600km.
This heating function (45) was used in 2-3 for normalization of heating amplitude.
First we define the following quantity;
where suffix N indicates that q and *n are normalized. This quantity represents the projection of the realistic heating onto a normal mode * n, since *n's are orthogonal when * is fixed and hn is an eigenvalue. Thus the amplitude of a normal mode in the case of the realistic meridional distribution of heating (denoted RA) is obtained by multiplying horizontal projection coefficient an, by the wave amplitude in the case that the latitudinal distribution of Q' is *n (y) (denoted SA). For the first three latitudinal mode in which we are most interested, an's are given as where Fig. 3 shows an, SA, RA and phase difference between Q' and w' for Kelvin wave (s=1) and mixed Rossby-gravity wave (s=4) as functions of vertical wavelength in the model S (*1=0.5*2). As an decreases with increasing vertical wavelength in the vicinity of non-singular resonance mode, the peak of each wave mode shifts toward short vertical wavelength when the realistic horizontal distribution of Q' is taken into account. Consequently the period of maximum response becomes longer and the phase difference of Q' and w' shifts from 90* to 0*. However, the changes are too small to explain the observed characteristics of waves. This is also the case, even if we assume the continuous distribution of static stability and the variation of y0.
2-6. Selectivity for periods and wavenumbers Fig. 4 shows perturbation wave amplitude RA at the level zt for Kelvin waves, mixed Rossbygravity waves and n=1 Rossby waves as functions of period and wavenumber. The vertical profile of static stability is the same as model S (S1=g/4cp) and a damping of D=1/15 days is included. For Kelvin waves, it seems that the selectivity for periods and wavenumbers agrees well with observations. The selected width is broad for periods and rather narrow for wave- numbers.
The selectivity for periods of mixed Rossbygravity waves is very sharp, but the preferred periods are a little shorter than the observed ones. The selectivity for wavenumbers greatly differs from observations in the point that the amplitude monotonically increases with wavenumbers as is previously discussed in subsection 2-1 in relation to Eqs. (6)-(10). This discrepancy, however, may be removed by taking the influence of zonal wind shear into account. Let us consider the situation, for example, that an easterly flow prevails in the lower troposphere and a weak westerly in the upper troposphere such as the usual profile of zonal wind when mixed Rossby-gravity waves are dominant. The waves with shorter periods may be preferred in the lower layer, but, they can not have a positive equivalent depth in the upper layer. So such waves may not be prominent waves in that situation. This influence is more effective for large wavenumbers because the phase velocity of large wavenumber is slow and dimensionless Doppershif ted period, 2*/*, is easy to become smaller than wavenumbers (see Eq. (19)). Fig. 5 shows the critical zonal wind velocity at which mixed Rossby-gravity waves of given wavenumber and period transit from an internal type (lower part of the diagram) to an external type (upper part). It is concluded from this figure that there is an Let us consider the same model as Holton's (1972) . We assume the zonal wind distribution as u(y, z)=U(z)(1-y2).
Adding advection terms due to the zonal flow to Eqs. (1)-(5) in *, *, z coordinate system, and transforming them into the equation of a dependent variable * defined as *'=*(y, z)eI(*t+s*)+z/2H, we obtain upper bound of wavenumber for the resonant waves to exist. The fact suggests that mixed Rossby-gravity waves with large wavenumbers can hardly exist for the realistic vertical distribution of zonal flow. Regarding n=1 Rossby wave, the resonant wave amplitude SA exceeds that of Kelvin waves and mixed Rossby-gravity waves, since this mode has considerably longer periods than other waves with same equivalent depth (not shown). However, as the meridional scales are large with small a1's, n=1 Rossby waves have comparable amplitude to Kelvin waves for realistic heating. The observed waves have the peak of wavenumber 1-2 with periods 7-15 days, which are shorter periods than the results of this model.
Realistic model

3-1. Description of the model
Investigation of the influences of horizontal distribution of forcing and vertical distribution of the zonal flow is the subject of this section. The system of equations with vertical shear flow is, however, non-separable with respect to y and z. Solutions of the equation system which is nonseparable may be regarded as a composition of various wave modes approximately.
Results of observations should be compared with the solution thus obtained, because they also include various wave modes without separation.
where This is a non-dimensional equation, with horizontal scale devided by the radius of the earth, a, vertical scale by scale height H, and time by the reciprocal of twice the angular velocity of the earth, (2*)-1. Now we attempt to solve Eq. (51) numerically together with the following boundary conditions. radiation condition at the upper boundary (40km in practice).
for antisymmetric mode for symmetric mode.
The radiation condition is identical to Matsuno's method (1970) . Grid intervals are *y=1/30 and * z=1km/H.
The zonal winds U(z) used in this model are shown in Fig. 6(a) . The vertical distribution of the stability and the heating at y=y0 are illustrated in Fig. 6(b) . With regard to heating the same horizontal distribution of Q' as q(y) in the previous section is assumed. The realistic asymmetric heating corresponding to the single ITCZ is obtained as the composition of symmetric and antisymmetric heating. Damping rate is 1/15 days at any height.
As discussed previouly, we can anticipate three types of dominant waves to appear as shown in Table 1 . Therefore computations are made only for wavenumbers with which the waves are ex- petted to be preferrable. The zonal flow with a westerly shear is assumed for eastward-moving symmetric mode and that with an easterly shear is chosen for westward-moving antisymmetric mode, unless otherwise stated. Fig. 7 shows the horizontal structure of the disturbance caused by symmetric heating (Kelvin waves) and that by antisymmetric heating (mixed Rossby-gravity waves) at heights 16km and 8km. At 8km, it seems that the basic wave modes are modified a little by the presence of other modes, while at the tropopause level (z=16km) modification of the basic modes is little. Figs. 8(a)-(c) represent the amplitude of zonal wind component as a function of height and period for Kelvin waves of s=1 and s=2 in the westerly shear flow, and the waves of s=1 in the easterly shear flow, respectively. It is found that the 20 day period wave for s=1 and the 15 day period wave for s=2 are dominant. These periods are longer than those of the normal mode model. This difference may be accounted for by the effects of the mean zonal wind (easterly wind in the troposphere), since the response of Kelvin wave is broad with respect to period. Since the peak of s=1 with T=20 days exists even for the easterly shear flow (Fig. 8(c) ), we find that the response of the wave with such large zonal wavelength cannot be influenced so much by the upper (For mixed Rossby-gravity wave at 8km, wind velocity and geopotential are multiplied by a factor 2). zonal flow. Kelvin waves whose wavenumbers and periods give a constant product value have the same equivalent depth and phase speed. Since these two quantities are most important for determining wave amplitude, the two diagrams (8a and 8b) become more or less similar, when they are scaled properly. As the response is determined by equivalent depth, and the property of vertical propagation depends on phase speed, the predominant wave number in the upper troposphere and the stratosphere must be the same even if the mean zonal wind has a vertical shear. Fig. 9(a)-(d) shows the amplitude of meridional wind component with height, for mixed Rossbygravity waves of s=3, s=4 and s=5 in the easterly shear flow, and the waves of s=4 in the westerly shear flow. Figs. 10(a) and (b) represent the amplitude of the same wave at 16km and the maximum amplitude in the stratosphere, respectively, as a function of wavenumber and period. It should be noted that the wavenumber with maximum amplitude at the tropopause is 5 and the amplitude of higher wavenumbers damps contrary to the normal mode model. This is due to the influence of mean zonal flow as discussed previously in connection with Fig. 5 . Regarding mixed Rossby-gravity waves in the westerly shear flow, we obtain the results that the amplitude at the tropopause level is 5.1m/sec for s=4, T= 3.75 days (Figs. 9(d) ), 0.7m/sec for s=5, T=5.0 days and 1.1m/sec for s=6, T=6.0 days (Figures are not shown here) . Thus we find that the amplitude of wavenumber 5 and higher diminishes. Although the waves with large wavenumbers are prominent under some conditions at a level in the troposphere (figures not shown), it is inappropriate to mind the differences in view of the dominance throughout the troposphere. Through these computations, we may generally conclude that, even in the real zonal flow, mixed Rossby-gravity waves are predominant for wavenumber 4-5.
3-2. Selectivity for periods and wavenumbers
In the stratosphere, the dominant wavenumber is 4 which is different from wavenumber 5 dominant at 16km level ( Fig. 10(b) ). This is because zonal shear flow gives great selectivity for wavenumbers (Lindzen, 1970) .
As is shown in Fig. 9 (b) and (d), the peak of s=4 in the westerly shear flow appears at the same period T=3.75 days as in the easterly shear flow, but the amplitude at the tropopause in the latter flow is larger than that in the former flow. It is considered that the waves in the easterly shear flow grow more resonantly by suffering from the reflection at the westerly wind in the lower stratosphere of the easterly shear flow.
The peak of s=4 exists at period 3.75 days which is longer than 3.3 days given by Hayashi (1976) . This is mainly due to the effect of realistic latitudinal distribution of heating. However it is somewhat shorter than the observed periods, 4-5 days. component for n=1 Rossby waves with s=2 for the easterly shear flow. A distinct peak exists at the period of 12 days, which differs from the results of the normal mode model for Dopplershifted effects. This peak agrees with the result from GFDL general circulation model (Hayashi, 1974) . For the westerly shear flow, n=1 Rossby waves do not have marked amplitude because they suffer from the absorption in the lower easterly.
3-3. Wave structure Let us consider the phase relationship between Q' and w' of resonant waves. In order to avoid complexity arising from the influence of the mean zonal flow, U(z) = 0 is assumed. In this case the resonant Kelvin wave is T=15 days for s=1 and the resonant mixed Rossby-gravity wave is T= 3.75 days for s=4. Even if the effect of zonal flow is included, the essential features of the structure of waves with maximum response are not changed in the troposphere. Fig. 12 ( Fig. 14) shows distributions of the amplitudes and phase angles of various variables in the meridional direction at 8km height and Fig. 13 (Fig. 15) shows the phase variation in the vertical direction at latitudes 5.7* and 0* (11.5*) for Kelvin wave (mixed Rossby-gravity wave), respectively. The latitude 5.7* is selected as that of the maximum heating and 0* (11.5*) as the latitude where the vertical motion w' of the basic mode, i.e., pure Kelvin wave (pure mixed Rossbygravity wave), must have the maximum magnitude. It is remarkable that Q' and w' are in phase and w' has maximum amplitude at 5.7*. On the other hand, they are in quadrature and w'-amplitude is small at 0* (11.5*) in this model. Then the phase variation of w' with latitude is fairly large. This means that other modes coexist together with the basic wave mode, because the basic mode does not show such strong variation of phase with latitude. Note that this has been pointed out in relation to the horizontal structure in Fig. 7 .
Since the coexisting modes disturb considerably the w'-field only, it is conjectured that they are short vertical wavelength modes, i.e., gravity wave modes. The coexistence of short vertical wavelength modes can also be explained as fol- lows. As the latitude where T' and w' of the resonant basic mode have maximum amplitude differs from the latitude of maximum Q', other modes which have maximum w' near the latitude of maximum Q' must exist in order to satisfy Eq. (5). These modes must have small equivalent depths, because the latitude of maximum Q' is closer to the equator. It is found from (41) that the modes with short vertical wavelength (large *) satisfy the inphase relation between Q' and w': As the second term in the bracket dominates the first term because of 1*M/*, and as *2-M2>0, the phase of w1 (z) becomes near 0*.
On the other hand, in the stratosphere the phase variation of w' axis in the meridional direction is small because such gravity waves are not resonant and only the forced term, i.e., sinMz in (41), contributes to the large amplitude in the troposphere, which vanishes in the stratosphere. Thus pure basic modes can be seen in the stratosphere.
Even when the heating is a realistic asymmetric heating, in-phase relationship between Q' and w' holds, because w' almost balances with Q' in Eq. (5) near the latitude where the heating has its maximum. Therefore, in the composition of symmetric and antisymmetric models, composite w' has large amplitude and w' becomes in phase with Q' at the latitudes corresponding to the ITCZ.
Concerning the vertical structure of wind and temperature, however, some questions arise from the careful inspection of Figs. 13 and 15. The phase of perturbation wind in the troposphere is considerably different from the observed one. In observed mixed Rossby-gravity waves, the constant phase axis of v' inclines eastward with height in the middle and lower troposphere, and westward in the upper troposphere and the stratosphere (e.g., Nitta, 1972) . However, in the present model it generally inclines westward even in the lower troposphere, although the energy flux *' w' associated with the wave is downward from the middle to the lower troposphere.
For Kelvin waves, the observed constant phase axis of u' inclines westward in the lower layer and eastward in the upper layer (e.g., Nitta, 1972) , whereas in this model it inclines eastward even in the lower layer. The vertical structure of temperature for both wave modes also differs from observations. Such vertical structure does not vary even if the cooling effect in the mixed layer and/ or the effect of surface friction are incorporated (not shown). As mentioned above, the structure of the selected Kelvin waves in a shear zonal flow, with T=20 days for s=1, is similar to that of T=15 days without shear. Then it can be concluded that, although in Holton's (1973) model, the both effects (resonance to forcing and vertical propagatability) are included, the selected waves are essentially resonant waves, so that the vertical structure may not coincide with the observed one.
Moreover, if the position of ITCZ moves to north, the phase relation between Q' and w' changes from in-phase to in quadrature, since gravity waves with short vertical scale are hard to be excited. As a matter of fact, when the heating has maximum amplitude at 11.5*, the phase difference between Q' and w' of the mixed Rossby-gravity wave with s=4, T=3.75 days is about 30* at 10km. This is contrast to the result from GFDL model, in which Q' and w' are in phase although the latitudes where the heating is maximum are 10*15*N (Hayashi, 1974) . Finally, it should be noted that there exists a wave whose structure coincides with observed one for a non-resonant period. Fig. 16 shows the vertical structure of mixed Rossby-gravity wave with s=4, T=4.29 days, which are same as those of observed waves.
In contrast to Fig. 15 , the agreement of the wave structure with observations is quite well. Through the computations it may be fair to say that there still remain some problems to simulate the observed characteristics of waves in a framework of the present model. Thus we conclude that it is unlikely to identify the observed waves merely with the resonant waves by thermal forcing.
The fact that the vertical structure of a non-resonant wave resembles the observed one suggests that other effects should be taken into account.
Conclusions and remarks
A theoretical examination of the response of equatorial wave disturbances to thermal forcing was made. The results obtained are summarized as follows.
1) In the normal mode model with no mean zonal flow, the resonance occurs when the vertical wavelength in the troposphere coincides with twice the forcing scale. Among the resonant waves, the wave with the lowest frequency has the largest amplitude. Therefore, Kelvin waves attain their maximum response at wavenumber 1 similar to observations, whereas mixed Rossbygravity waves dominate at large wavenumbers contrary to observations. Heating Q' and vertical motion w' of the resonant waves are in quadrature. These results reconfirm what have been shown by Hayashi (1976) and Chang (1976) .
2) Even if the vertical distribution of heating is changed, the phase relation between Q' and w' of the resonant waves does not change.
3) If we treat the realistic meridional distribution of heating as the projection on normal modes, the vertical wavelength with maximum response becomes shorter than twice the forcing scale. Therefore, the phase difference between Q' and w' approaches to 0* and the predominant period becomes longer. However, degree of this variation is too small to explain the observed waves.
4) If we permit the existence of other modes together with the basic mode, Q' and w' become in phase because of the effect of gravity waves, which, however, do not disturb substantially the structure of wind and geopotential of the basic mode.
5) The influence of zonal shear flow suppresses the resonant mixed Rossby-gravity waves with higher wavenumbers, so mixed Rossbygravity waves of wavenumber 4-5 become most dominant even in the troposphere.
6) The waves with maximum response, however, differ from the observed waves in the vertical structure of wind and temperature in the troposphere, in either case with and without a vertical shear.
Despite of the agreement with observations in items 4) and 5) discrepancies between the observed characteristics and computations in the vertical structure of wind and temperature and in the predominant period of mixed Rossbygravity waves cannot permit the interpretation of the observed waves merely as the resonant Journal of the Meteorological Society of Japan Vol. 55, No. 3 waves by thermal forcing. The response to a thermal forcing can be understood as the reflection of the projection coefficient of forcing on normal mode, with a little change by the static stability variation with height. From such response the waves with the short vertical wavelength and the vertical structure as observed cannot be selected. The selection of the particular vertical mode in the tropics from various vertical modes in mid-latitudes cannot also be expected from a lateral forcing theory of the dry tropical atmosphere. These suggest the importance of the interaction between wave and cumulus convection. Therefore the extended version of wavecumulus interaction will be required in future to have a deeper insight into the nature of equatorial waves.
